A comprehensive description of exclusive and inclusive, semi-leptonic and non-leptonic decays of the B-meson, based on the Heavy Quark Effective Theory for the exclusive decay modes and on the Bjorken Deep Inelastic Scattering approach for the inclusive ones, is presented. The relevance of the role played by the bound spectator-quark in the dynamics of heavy-light mesons is pointed out and an improvement of the theoretical predictions for the branching ratios, as well as for the spectra of the final states in the B-meson decays, is obtained. Different approximations for the light spectator-quark distribution, based on a phenomenological ansätz or derived from analyses of the meson spectra, are adopted. As to the latter case, two wave functions, constructed via the light-front formalism using a relativized and a non-relativistic constituent quark a Submitted to Nucl. Phys. B. model, are considered, obtaining a link between standard quark models and the Bmeson physics. The results obtained for the semi-leptonic and non-leptonic branching ratios are in overall agreement with available experimental data and the sum of all the calculated branching ratios turns out to be close to unity. In particular, a large contribution (∼ 10%) of the internal decays into heavy mesons and baryon-antibaryon pairs is found; the corresponding reduction of the semi-leptonic branching ratio brings the theoretical prediction in agreement with the experimental value (∼ 11%). The calculated Isgur-Wise form factor is consistent with measurements, but present experimental uncertainties are too large to allow a stringent test on the B-meson wave function.
1 Introduction.
The investigation of semi-leptonic and non-leptonic decays of heavy-light pseudoscalar mesons can provide relevant information on the fundamental parameters of the standard model of the electroweak interaction and on the internal structure of mesons. However, the extraction of the Cabibbo-Kobayashi-Maskawa [1] matrix elements from the experiments requires a precise knowledge of the transition form factors appearing in the Lorentz-covariant representation of the weak current matrix elements. In particular, the most accurate determination of the CKM matrix element |V bc | is presently based on the value of the B → D * transition form factors near the point of zero recoil [2, 3, 4, 5] , while the evaluation of the semi-leptonic decay spectra and branching ratios involves the transition form factors in their full kinematical range. Since till now a rigorous treatment of the non-perturbative aspects of the QCD description of exclusive and inclusive processes is not yet available, one has to rely upon effective theories and models to estimate hadron form factors. In this respect, constituent quark (CQ) models (like, e.g., those of Refs.
[6], [7] and [8] ) could be of interest, because of their remarkable success in describing non-perturbative physics, like the hadron spectra. However, a successful model of hadrons must go beyond the spectroscopy and should describe the internal structure of hadrons in order to predict, e.g., transition form factors for decay processes.
In this paper we use the phenomenological approach of Ref. [9] , where all the nonperturbative QCD aspects are mocked up by a single universal wave function describing the internal motion of the b-quark inside the B-meson b . This function can be tested in a variety of decay processes, like, e.g., exclusive semi-leptonic and non-leptonic decays, and can be used also to predict inclusive decay rates. It should be pointed out that our approach, which takes into account the effects due to the bound-state structure of the B-meson, has the advantage of treating correctly phase-space effects, which are a dominating factor in the W -boson decay, as indicated by the M 5 B dependence of the B-meson decay rates. In Ref. [12] the decay of a heavy meson is described as the decay of its heavy-quark assumed to be at rest inside the meson. Such an assumption is related to the observation that the energy released in the heavy-meson decay is much larger than the heavy-quark kinetic energy and, therefore, the motion and binding of the decaying quark is not essential. However, the large difference M B − m b ∼ 0.4 GeV sharply affects the spectra of produced particles (like, e.g., the electron spectrum). Moreover, an important qualitative feature of the B-meson decays, related to the phenomenon of quark confinement, should be pointed out. The colourless hadron states can be produced in the B-meson decays only because of the existence of the light spectator-quark inside the B-meson. Therefore, any description of the B-meson decay in terms of a free b-quark decay only leads to a sizable deformation of the hard part of the spectra of produced particles and to a wrong flat distribution of the effective mass of produced hadrons.
The branching ratios of all the major decay modes of the B-meson are calculated in terms of a single (model-dependent) wave function χ(x, p 2 ⊥ ) describing the internal motion of the light spectator-quark inside the B-meson. It is shown that an overall reproduction of the available experimental data can be achieved. Moreover, the sensitivity of our predictions to various choices of the B-meson wave function, based on a phenomenological ansätz (already adopted in Ref. [9] ) or derived from analyses of the meson spectra, is investigated. As to the latter case, two wave functions, constructed via the light-front (LF ) formalism using a relativized [13] and a non-relativistic [14] CQ model, have been considered, obtaining a link between standard quark models and the B-meson physics. It should be pointed out that both the CQ models considered incorporate the chromomagnetic interaction of the heavy-quark spin, which produces the hyperfine splitting in the heavy-meson spectra.
The B-meson decays occur mainly through the CKM favored b → c transitions. The dominant diagrams are the so-called spectator diagrams depicted in Fig. 1 . The virtual W − materializes either into a lepton pair (1a) or into aūd (1b) orcs (1c) pairs. In the semi-leptonic decays (Fig. 1a ) the c-quark and the spectator light antiquark hadronize independently of the leptonic current. In the non-leptonic decays shown in Figs. 1b and 1c, the quark pair becomes one of the final hadrons, while the c-quark couples with the spectator light antiquark to form other hadrons. It should be pointed out that, due to the binding of the spectator quark, the distribution of the effective mass of produced hadrons is characterized by resonance peaks corresponding to the production of D, D * , ... resonances. For the exclusive semi-leptonic transitions to pseudoscalar (P S) and vector (V ) mesons, all the relevant matrix elements in the limit of infinite heavy-quark masses can be expressed in terms of a single universal function, the Isgur-Wise (IW ) form factor [15, 16, 17] . This form factor is calculated using our three choices of the wave function χ(x, p 2 ⊥ ). As far as the inclusive B-meson decays are concerned, our approach is similar to the deep inelastic scattering (DIS) approach by Bjorken (see Refs. [18] , [19] and [20] ), which pictures the heavy-meson decay as the decay of its partons. In the Infinite Momentum Frame (IMF ) the probability of finding the b-quark in the B-meson carrying a fraction x of the total momentum is given by the distribution function F (x), which can be easily obtained from our modeldependent wave function χ(x, p 2 ⊥ ). We stress that, in such a way, both the exclusive and the inclusive decays of the B-meson are described in terms of a single bound-state wave function.
A similar treatment is used also for the transitions to multihadron states due to nonleptonic decays of the exchanged W -boson. In the hadronic decays the spectator diagram is modified by hard-gluon exchanges between the initial and final quark lines. This leads to the "colour suppressed" diagrams shown in Figs. 2 and 3, which have different sets of quark pairing. We will refer to these transitions as the internal ones. The corresponding branching ratios are estimated adopting the following approximations: i) a factorization ansätz for the appropriate matrix elements of the weak Lagrangian is assumed; ii) the nonleading 1/N c corrections in the operator product expansion (OP E) (N c being the number of quark colours) are disregarded; and iii) the perturbative QCD corrections specific for each given channel are neglected. Only the corrections due to hard-gluon exchange, yielding the effective Lagrangian of Ref. [21] , are taken into account (see also [10, 11, 22] ). In this way, a unified description of both leptonic and non-leptonic B-meson decays is obtained in terms of a single, but model dependent, bound-state wave function.
The plan of the paper is as follows. In Section 2 the models adopted for the description of the B-meson wave function are presented and the corresponding IW form factor is calculated. Section 3 contains a detailed discussion of the exclusive semi-leptonic B-meson decays as well as of the DIS approach to the inclusive B → X c + ℓν ℓ decays. In Section 4 our technique for the treatment of both external and internal non-leptonic decay modes is presented. All the results for the branching ratios, calculated using our models of the B-meson wave function, are reported in Section 5. It is shown that the internal non-leptonic decays yield a ∼ 10% contribution to the total non-leptonic decay rate, at variance with the approximation of a free b-quark decay. In particular, the branching ratio for the non-leptonic decays into baryon-antibaryon pairs is found to be ∼ 6% and, at the same time, the calculated number of charm quarks produced per b-quark decay turns out to be ∼ 1.20; both results are in agreement with experimental findings. Moreover, the corresponding violation of the detailed duality decreases the total semi-leptonic decay rate down to its experimental value of ∼ 11%. Finally, Section 6 contains our conclusions, while few details concerning the calculation of the branching ratios are collected in the Appendixes.
2 The Isgur-Wise function.
In the limit of infinite heavy-quark masses all the relevant matrix elements of the flavourchanging vector and axial-vector currents, V µ = (cγ µ b) and A µ = (cγ µ γ 5 b), are related to a single form factor, the IW function ξ(η), which depends only on the product η = v 1 · v 2 of the 4-velocities of the initial and final hadrons. The Heavy Quark Effective Theory (HQET ) [23, 24, 25, 26, 27] allows to write the matrix elements for the transitions to a P S or V meson as follows
where M i and v i (i = 1, 2) are the masses and the 4-velocities of the heavy mesons, and e µ is the polarization vector of the final vector meson. The dimensionless variable η is related to the 4-momentum transfer q = P 1 − P 2 (where P 1 and P 2 are the momenta of the parent and daughter mesons, respectively) by
In the limit m b,c → ∞ the normalization of ξ(η) is ξ(1) = 1 and the leading non-perturbative corrections are quadratic in 1/m b,c thanks to the Luke's theorem [26] , which is the analog of the Ademollo-Gatto theorem [28] for heavy-quark symmetry. Note that the value η = 1 corresponds to the zero-recoil point, i.e. to q 2 = q 2 max = (M 1 − M 2 ) 2 . For the calculation of the IW function the infinite momentum frame (IMF ) is adopted. Choosing the z axis along the direction of the Lorentz boost, one defines the invariant
It can be easily verified that
is the ratio of final to initial heavy-meson mass. Then, in terms of the IMF variables x and p 2 ⊥ (where x is the fraction of the longitudinal momentum carried by the b-quark and p 2 ⊥ its transverse momentum squared) the explicit expression for ξ(η), valid in the whole kinematical region, is [29] 
is the heavy-meson wave function and the factor ϕ(x, p 2 ⊥ ) arises from quark-spin effects
with v sp being the four-velocity of the spectator quark. In what follows, according to the heavy-quark symmetry, we will consider χ 1 = χ 2 = χ. In a phenomenological approach to the B-meson decay, the light spectator-quark can be treated as a particle of definite mass m sp and momentum p sp ≡ (E sp , p) ≡ ( m 2 sp + p 2 , p), while the heavy quark is considered as a virtual particle of invariant mass W , given by
with v sp = p sp /m sp . Then, the b-quark mass varies with p according to Eq. (8) and to energy and momentum conservations. Let us introduce a simple exponential ansätz in the variable (v 1 · v sp ), viz.
where λ 0 is an adjustable parameter and N is a normalization constant fixed by the condition d p |χ( p)| 2 / (πE sp ) = 1. In terms of the IMF variables x and p 2 ⊥ Eq. (9) can be written as
with ξ 0 = m sp /M B . Using Eq. (10) in Eq. (6), the IW form factor is given by [29] :
where r = 2(1 + η) and K 1,2 are the modified Bessel functions. Another approach to the B-meson decay is provided by the light-front (LF ) formalism [30] , where both the spectator and heavy quarks are treated as particles of definite masses, m sp and m b , respectively. The intrinsic LF wave function, which satisfies the correct transformation properties under the LF boosts, has the following structure (see, e.g., Refs. [31, 32, 33, 34] )
where M 0 is the free mass operator
and the momentum dependent quantity R( p ⊥ , x; νν) arises from the Melosh rotations [35] of the quark-spin wave functions, with ν,ν = ±1/2 being the spin projection variables of the quarks. The explicit expression of R will not be reported here, because it can be easily found in the literature (see, e.g., [36] ). In Eq. (12) p 2 ≡ p 2 ⊥ + p 2 n , where p n is the longitudinal momentum defined as
so that the free-mass M 0 becomes
The LF wave function (12) is eigenfunction of the mass operator M = M 0 + V, where V is a Poincaré-invariant interaction term. Then, the wave function w(p 2 ) |00 , where |00 = νν
is the canonical quark-spin wave function, is eigenfunction of the transformed mass operator M ≡ RMR † = RM 0 R † + RVR † . Since the free-mass M 0 commutes with the Melosh rotations, one has M = M 0 + V , where the interaction V = RVR † should be invariant upon rotations and independent of the total momentum and the centre-of-mass coordinates (cf. Ref. [37] ). The Melosh-rotated mass operator M can be identified with the effective Hamiltonian elaborated by Godfrey and Isgur (GI) [13] in order to describe meson mass spectra. Therefore, the radial wave function w(p 2 ), appearing in Eq. (12) , is solution of the following wave equation
where M P S is the mass of the P S meson and V GI is the effective GI potential, composed by a one-gluon-exchange (OGE) term (dominant at short separations) and a linear-confining part (dominant at large separations). Finally, the LF wave function (12) satisfies the following normalization condition
Instead of the ansätz M = M 0 + V, it is possible to consider also M 2 = M 2 0 + U. It can be easily checked that, using an appropriate choice of the interaction U, the radial wave function w(p 2 ) can be eigenfunction of a non-relativistic (NR)Hamiltonian, viz.
. In this work V N R is taken to be the non-relativistic potential of Ref. [14] , which fits meson mass spectra. Note that both the relativized V GI and the non-relativistic V N R effective interactions contain at short interquark separations the chromomagnetic interaction, which is responsible for the hyperfine splitting of meson mass spectra.
Within the LF formalism the function χ(x, p 2 ⊥ ) entering Eq. (6) can be written in terms of the radial wave function w(p 2 ) as (cf. Ref. [34] )
We also define the distribution function F (x) as the probability of finding the b-quark carrying a fraction x of the B-meson momentum, viz.
The
In what follows, we will refer to the phenomenological ansätz χ ph (Eq. (10)) as case A and to the LF wave functions χ LF GI and χ LF N R , obtained from Eq. (19) using the solutions of Eqs. (16) and (18), as cases B and C, respectively. The values adopted for the constituent quark masses are collected in Table 1 .
In Fig. 4 the b-quark distribution function F (x), calculated for the three cases A, B and C, is shown. It can be seen that quite similar results are obtained using χ ph and χ LF N R , whereas the wave function χ LF GI , obtained from the relativized GI interaction, yields a broader x-distribution with the location of the peak shifted to little bit higher values of x. Such differences are due to the larger content of high-momentum components, generated by the OGE term of the GI interaction (see Refs. [31, 32, 33] ), and to the lower value of the u (d) constituent quark mass (see Table 1 ). The results obtained for the IW form factor (Eq. (11) in case A and Eq. (6) for cases B and C), multiplied by |V bc | = 0.0390 [5] , are plotted in Fig. 5 and compared with the experimental data [38, 39, 40] . All the three model wave functions yield a IW form factor which is consistent with measurements; however, present experimental uncertainties are too large to allow a stringent test on the model wave function. The calculated slope of the IW function, ρ 2 ≡ −dξ(η)/dη| η=1 , is: 1.13 (case A), 1.03 (case B) and 1.22 (case C).
3 Semi-leptonic decays.
The general formulae for the calculation of the branching ratios for the various B-meson decay modes have been derived in Ref. [2] . Here below, we restate only some basic points, mainly for introducing the relevant notations. We denote as Γ ij the partial widths for the external types of B-meson decays depicted in Fig. 1a for the semi-leptonic modes and in Figs. 1b and 1c for the non-leptonic modes. The index i refers to the lepton pair ℓν ℓ or to the hadron states produced in the upper block of the diagrams (π, ρ, ..., or charmless continuum Xū d for the diagram (1b), and D s , D * s , ..., Xc s for the diagram (1c)), while the index j denotes a charmed hadron state (D, D * , X c ) produced in the lower blocks. The partial width can be written in the form
where β ij is a dimensionless quantity and Γ 0 is given explicitly by
when the values |V bc | = 0.039 ± 0.02 [5] and M B = (5.279 ± 0.002) GeV [41] are considered. Then, the total calculated width is given by
where β B is the sum of β ij over all decay modes, both external and internal ones (see below Section 4 for their definitions), viz.
In section 5 it will be shown that our theoretical estimation of β B is very close to unity; indeed, using our models of the B-meson wave functions, the sum of all the calculated branching ratios yields β B = 0.941 (A), 1.001 (B) and 1.039 (C). Averaging these values and adding the contribution 0.035 due to the direct b → u and penguin b → s transitions [11] , the total B-meson width is equal to Γ tot B = (4.39 ± 0.46) · 10 −4 eV (for |V bc | = 0.039 ± 0.02). Our prediction compares favourably with the experimental value (4.39 ± 0.32) · 10 −4 eV obtained from theB 0 -meson mean life-time (τB0 = 1.50 ± 0.11 ps) [41] . In the next two subsections we describe the calculation of exclusive and inclusive semi-leptonic decays.
3.1 Semi-leptonic decays B → Dℓν ℓ and B → D * ℓν ℓ .
According to HQET the amplitude for the B-meson exclusive semi-leptonic decays can be written as
where
)ν ℓ and the matrix elements for the charged hadronic current are given by Eqs. (1-3). The differential decay width is given by [9] 
where q 2 is the four-momentum squared of the dilepton system, E ℓ is the charged lepton energy in the ℓν ℓ rest frame and
is the leptonic tensor, given explicitly by
and W j αβ (j = D, D * ) is the hadronic tensor, which involves in general, five structure func-
with
for j = P S, and, since < e α e β > = 1 4 spins e α e β = v 2α v 2β − g αβ , one gets
for j = V . Moreover, one has
where p ℓ is the lepton momentum in the ℓν ℓ rest frame, cos θ 0 ≡ p ℓz /| p ℓ | and λ ± = (m 2 1 ± m 2 2 )/q 2 , with m 1 and m 2 being the lepton masses. Thus, the leptonic tensor reduces to
where λ 1 = λ + − 2λ 2 − and λ 2 = λ + − λ 2 − . The remaining trace < L i αβ > W j αβ can be easily evaluated and the final result for the exclusive semi-leptonic decay rate, B → jℓν ℓ (j = D or j = D * ), is
In case of vanishing leptonic masses (m 1 = m 2 = 0) Eqs. (34) (35) (36) simplify to the well known results [9] dΓ (38) showing that the decay rate for the B → Dℓν ℓ transitions is suppressed by an additional kinematical factor η − 1 with respect to the decay into the D * meson. The corrections to Eqs. (37) and (38) due to non-vanishing leptonic masses are negligible for m 1 , m 2 ≪ M B . However, they are important for the semi-leptonic decays b → jτ ν τ involving the τ lepton and also for non-leptonic decays, particularly those induced by W − →cs transitions (see below Section 4).
Inclusive semi-leptonic decays.
In this subsection the technique adopted for the calculation of inclusive decay processes is presented. Its main feature is the description of the inclusive differential rates only in terms of the b-quark distribution function F (x). Our approach to inclusive semi-leptonic transitions can be considered quite analogous to the Bjorken DIS approach (see Refs. [18] , [19] and [20] ). The width for the inclusive semi-leptonic B → X c + ℓν ℓ process is defined as
where dτ n is the n-hadron phase space and dτ ℓ is the lepton phase space given by (cf. Appendix 1)
The hadronic tensor 
where we have introduced the function
Contracting W αβ and L ℓν ℓ αβ one obtains the general expressions for the inclusive semi-leptonic decay width in terms of five structure functions (W 1 to W 5 ).
To proceed further, we consider a quark model in which the B-meson is considered as a bound state of the decaying b-quark and a light (anti)quark-spectatorq sp (ū ord). In the spirit of the DIS approach we substitute dτ n with
so that the hadron tensor W αβ can be written as 
The integration over x leads to structure functions of the following form (cf. Refs. [20, 29] )
Thus, the differential inclusive decay rate (42) becomes
After substituting W i from Eq. (48), the inclusive semi-leptonic decay rate is
where I(y, z) = dp 2
The integration limits in (52) are related to the lepton mass m 1 and to the threshold value M 1 at which the hadron continuum starts in the lower block of the diagrams, viz.
The values of M 1 used in our calculations will be specified in Section 5.
4 Non-leptonic decay modes.
In contrast to semi-leptonic transitions, non-leptonic processes are complicated by the quark rearrangement mechanism due to the exchange of both soft and hard gluons. The basic assumption in our calculation of the non-leptonic amplitudes is that it is possible to separate the main contribution of the soft gluons by incorporating all the long-range QCD effects in the nonperturbative B-, Dand D * -meson wave functions. It is well known [21, 10, 11, 22] that hard-gluon exchange modifies the weak forces driving non-leptonic beauty decays. At the mass scale M W the weak Lagrangian is
where we have ignored the b → t coupling term. Radiative QCD corrections lead to a renormalization at the mass scale m b , yielding the effective V ZS Lagrangian [21] L ef f
for b → cūd and likewise for b → ccs transitions. The factors C ± = C 1 ± C 2 are the Wilson coefficients determined by the renormalization group equations, which allows to move from the mass scale M W to the lower scale m b . In the leading-log approximation (see Refs. [21, 22] ) they are given by
Numerically, for Λ = 0.25 GeV one has
Including next-to-leading logarithmic corrections one obtains a mild enhancement of the original couplings, viz. [21, 22 ]
The last term in Eq. (55), containing the colour matrices t a , is not relevant and will be neglected in the calculations.
In the next two subsections we will discuss separately the external non-leptonic decays, proceeding via the transitions W − →ūd or W − →cs ( Figs. 1b and 1c) , and the internal decays due to the "colour suppressed" diagrams shown in Figs. 2 and 3.
External non-leptonic decays.
First, we discuss the amplitudes of the transitions to the continuum states Xū d and Xc s in the upper blocks of Figs. 1b and 1c . The corresponding decay amplitudes are obtained from the first term in L ef f W (Eq. (55)) in a way quite similar to the semi-leptonic case. We use the zero-order approximation in the 1/N c expansion (N c being the number of quark colours) and neglect the radiative QCD corrections different from those already included in the Wilson coefficients C 1,2 . In this approximation all the amplitudes for the decays B → Xū d D(D * ), B → Xc s D(D * ), B → Xū d Xc s and B → Xc s X cd are proportional to the non-leptonic enhancement factor C 1 . We disregard the contribution of the second term in Eq. (55), because it is proportional to the small coefficient C 2 /N c and, in addition, is strongly suppressed by radiative QCD corrections. With these simplifications the matrix elements of interest are of the same type as the ones found in the analysis of semi-leptonic decays in Sec. 3. The final result reduces to replace in Eqs. (34) and (49) the factor Γ 0 with 3 C 2 1 Γ 0 and also to consider in Eq. four-momentum. Then, instead of < L ℓν ℓ αβ > determined by Eq. (33) one has
In what follows we will adopt the following expression for the calculation of the branching ratios
which implies β B = ij Br ij . As it has been anticipated in Section 3, the calculated value of β B turns out to be very close to 1. After replacing in Eq. (40) dτ ℓ with the single particle phase space factor 2πδ(q 2 − M 2 i ), i = P S, V (cf. Appendix 1), one gets
with a i (z) = 1 − 2(ζ 2 i + z) + (ζ 2 i − z) 2 and a ij = a i (z = M 2 j /M 2 B ). The complete list of the branching ratios for the external non-leptonic decays is reported in Appendix 2.
Internal non-leptonic decays.
The graphs shown in Figs. 2 and 3 correspond to the so-called internal non-leptonic decays of the B-meson. The upper block in Fig. 2 represents a hadron state formed by a c-quark resulting from the b → cW transition and aū-quark resulting from the W →ūd decay. In Fig. 3 the W →cs decay leads to the production of a colourless cc state (η c , J/ψ or cc in the continuum Xc c in the upper block) and a strange hadron state (K, K * , Xd s in the lower block). The contributions of the diagrams of Figs. 2a and 3a , corresponding to the first and term in the V ZS effective Lagrangian, will be neglected. The reason is that all these contributions are proportional to 1/N c and, moreover, they are largely suppressed by radiative QCD corrections. The graphs of Figs. 2b and 3b , which we actually calculate, correspond to the second term in the V ZS Lagrangian and give, after neglecting QCD corrections, the same factorized expressions already found for the semi-leptonic decays. The only difference is that we have to replace C 2 for C 1 in Eq. (60) and the factor Γ 0 with 3 C 2 2 Γ 0 in Eqs. (34) and (49). After these changes the rest of the calculation is essentially the same as in the case of the external non-leptonic decays.
The diagrams shown in Fig. 6 describe the production of a coloured diquark cd and anti-diquark (ūd). The similar diagrams in Fig. 7 correspond to the production of a cs diquark and acd anti-diquark. After making a Fierz-like transformation in Eq. (55) (exchanging thec and u quark fields) the V ZS Lagrangian can be written in the form
This form suggests that diquarks are produced in colour states3 and 3. The corresponding decay amplitudes are proportional to the factor C − /3 ≃ 0.47. When flying away, diquarks can pick up the light quark of apair produced from the vacuum due to the confinement mechanism. As a result, a colourless charmed baryon (cd)q and a colourless uncharmed antibaryon (ūd)q are produced in the B-meson decay (with any number of final pions). Such a mechanism for the production of baryon-antibaryon states has been firstly suggested in Ref. [42] . The corresponding diagrams are shown in Fig. 6 , while similar graphs, corresponding to the decay B 0 → Ξ cs +Λ c , are depicted in Fig. 7 . Instead of calculating many possible channels corresponding to the production of particles both in the upper and lower blocks, we have actually calculated the decay probability for the production of a diquark and anti-diquark with the effective mass M = √ q 2 and M ′ larger than the mass of the corresponding baryon d . The corresponding decay widths are given by Eqs. (49-53) with the replacements m 1 → M Λc (M Ξc ) and M 1 → M N (M Λc ), obtaining in this way our approximation for the calculation of the inclusive probability of production of baryon-antibaryon states with any number of final mesons.
Numerical results.
In our phenomenological approach the decay probabilities in each channel depend on the following set of parameters:
i) the masses of the constituent quarks building up final mesons and multihadrons (these masses are listed in Table 1 ) and the masses of pseudoscalar and vector heavy mesons, which have been taken from P DG [41] ;
ii) the coupling constants f P S and f V of the P S and V mesons to the W − vector boson; in units of GeV they are given by (see Ref. [9] ) Fig. 5 ).
Using these parameters we have calculated the branching ratios corresponding to semileptonic (exclusive and inclusive) and non-leptonic (external and internal) decay modes; our results are reported in Tables 2-7. A summary of our results is presented in Table 8 and compared with existing experimental data. It can be seen that an overall agreement with the data (within ≃ 2σ) has been obtained, with the only exception of the D(D * ) π channels. We would like to stress that such a result has been achieved using only a single (modeldependent) wave function of the B-meson.
A comparison of our results with those of other approaches is out of the scope of this paper. We will limit ourselves to the following two comments.
1.
In the naive parton model [11] the semi-leptonic branching ratio Br(B → X c eν e ) is ∼ 15 ÷ 16% and other theoretical predictions are typically > ∼ 12.5% [44] . In Ref. [45] it has been shown that higher-order radiative QCD corrections can increase the partial width of the b →ccs processes, decreasing in this way the semi-leptonic branching ratio, but at the price of increasing the charm counting, i.e. the number of charm quarks produced per b-quark decay. As a matter of fact, a discrepancy of about 2σ exists between theory and experiment, when both the semi-leptonic branching ratio and the charm counting are simultaneously considered (cf. Ref. [5] ). From Table 8 it can be seen that in our phenomenological treatment a significant contribution (∼ 6%) of the internal non-leptonic B-meson decays into charmed baryons is found in agreement with existing experimental data. Correspondingly, the calculated semi-leptonic branching ratio (∼ 11%) turns out to be in agreement with its updated world-average value 10.77 ± 0.43 [4] . At the same time, our prediction for the charm counting (∼ 1.20) compares favourably with the recent experimental result of the CLEO-II collaboration (1.16 ± 0.05) [43] .
2. According to our results and to the experimental data reported in Table 8 , the exclusive semi-leptonic decays into D and D * mesons account for ∼ 60 ÷ 70% of the total semileptonic branching ratio, leaving to the decay into the charmed continuum a remarkable fraction (∼ 30 ÷ 40%). This is at variance with the result of the ISGW model of Ref.
[6], which yield only a value of ∼ 10% for the probability of the charmed continuum channels. Furthermore, our result for the slope of the IW form factor is ρ 2 ∼ 1.0, i.e. only ∼ 30% above the ISGW prediction (ρ 2 ≃ 0.74), and in qualitative agreement with Bjorken [46] and Voloshin [47] sum rules. We would like to stress again that in our approach both the exclusive and the inclusive semi-leptonic decays are calculated in terms of a single B-meson wave function.
6 Conclusions.
1. The important role of the Fermi-motion of the b-quark in the B-meson has been pointed out. The effects due to the bound-state structure lead to a shift of the end-point of the spectrum from the value m b /2 (corresponding to the naive parton model) to the physical value M B /2. Moreover, the spectra of produced hadrons is sharply affected by the presence of the light spectator quark in the B-meson because of the colour confinement mechanism, which leads, in particular, to the production of resonance peaks.
2. The DIS approach has been applied to the inclusive B-meson decays to multihadrons. This method leads to the simple result that the spectra and decay probabilities can be expressed in terms of a single (model-dependent) wave function χ(x, p 2 ⊥ ) of the b-quark in the B-meson. Its main drawback is connected with the lack of the effects due to the quark interaction in the final hadronic states. The distribution over the effective mass of produced hadrons has a maximum at the threshold value, i.e., just in the region where the quark interaction might be important.
3. The HQET has been applied to exclusive semi-leptonic decay processes and only a single (model-dependent) wave function determines both the branching ratio and the lepton and hadron distributions in the final states.
4.
A simple phenomenological ansätz for the B-meson wave function leads to a reasonable description of the major decay branching ratios and distribution spectra of the secondary particles. Two other wave functions, constructed via the light-front formalism using a relativized and a non-relativistic constituent quark model, have been considered and also the corresponding results are consistent with measurements. However, present experimental uncertainties are too large to allow a stringent test on the B-meson wave function.
5.
The theoretical sum of all major branching ratios turns out to be close to unity. We have found an important contribution of the internal non-leptonic decays (∼ 10%) to the total width. This contribution increases the non-leptonic branching ratio and correspondingly reduces the semi-leptonic one, bringing the latter in agreement with its experimental value (∼ 11%). In particular, the branching ratio for the decay to baryon-antibaryon pairs is found to be ∼ 6%, in agreement with measurements; at the same time, the number of charm quarks produced per b-quark decay results to be ∼ 1.20, in agreement with recent experimental findings.
6. Radiative QCD corrections have been neglected; however, they can be easily introduced using standard methods. We would like to point out that their net effect (∼ 10%) is expected to be (at least) partially compensated by the uncertainties related to the choice of the B-meson wave function.
Appendix 1
Let us remind the general form for the probabilities of B-meson decays
into all the channels considered in this work. Here i = X, P S, V and j = X ′ , P S ′ , V ′ label different decay channels in the upper and lower blocks, with X = X eν , X ud or X cs and X ′ = X ′ cq , X dq or X sq , etc. The general form of decay amplitude is:
is the weak transition charged current. Thus, one has
where 4L i αβ is the value of j i α j i * β summed over spin directions of particles e, ν, orū, d etc. in the upper block of Fig. 2 and 4W αβ (j)/2 comes from J α (j)J * β (j) summed over spin directions of c-quark and averaged over the spin directions of b-quark. The factor 1/2 results just from this averaging. Then, one gets
where v i α = q α /M B and v ′ α = (P V ) α /M B . Explicitly, p 1 = p e and p 2 = p ν in case of the diagram of Fig. 1a , or p 1 = p d , p 2 = p u in Fig. 1b , and so on. As for W αβ (j), one has
The general form of the produced particles phase space is:
where p c = p b − q and E sp = m 2 sp + p 2 sp in case of particles produced in the upper and lower blocks, respectively. This yields
where dE e = Φ 12 · | q| d cos Θ 
(4π) 3 |V bc | 2 , and dq 2 /M 2 B = 2ζdη. In Eq. (A.11) W αβ (j) is given by Eq. (A.3) for j = P S ′ , V ′ , while W αβ (X ′ ) is given by
Integrating Eq. (A.4) over E e (i.e., averaging over cos Θ 0 ) one gets the final result
is determined by Eq. (28) . Here below, we report also the relations useful for the calculation of the dimentionless scalars W a i = W a i (q 0 , | q|, p 2 ⊥ ) introduced in Sects. 2 and 3 e :
Averaging these relations over cos Θ 0 , < L X αβ >= 1 2 1 −1 d cos Θ 0 L X αβ , one gets zero for the term ε αβλσ and
are straightforward and will not be given here. The explicit formulae for W j αβ with j = P S ′ , V ′ , viz. 16) e Note that in Section 2 the scalars W X i have been denoted simply by W i .
where ζ = ζ P S = M P S /M B and ζ = ζ V = M V /M B , respectively. Note that the second relation in Eq. (A.8) is not trivial. As a matter of fact, denoting v ′ α = (v j ) α = (P j ) α /M j , one obtains
has been used. Then, multiplying Eq. (A.9) by ζ 2 = ζ 2 V and using ζv ′ α = v α − u α , one gets for ζW V αβ the result given in Eq. (A.8).
Appendix 2. List of branchings
1) B → X ′ transitions to multihadrons in the lower block.
2) B → P S, V transitions to a single P S or V meson.
In Eqs. (A. 19 ) and (A.20) the integration ∞ 0 dp 2 ⊥ over p 2 ⊥ is implicit in the expressions for Br iX ′ . Moreover, C is the V ZS correction factor,M 1 is the threshold mass of the hadron continuum in the upper block and M ′ 1 is the same quantity for the lower block. [38] , [39] , [40] , respectively. The dotted line is the result of the calculations of Eq. (11), times |V bc | = 0.0390, obtained using the phenomenological ansätz of Eq. (10). The dashed and solid lines correspond to the results of the calculations of Eq. (6), times |V bc | = 0.0390, obtained using the LF wave functions χ LF N R and χ LF GI , respectively. (19)), derived via the LF formalism from the relativized [13] (Eq. (16) ) and the non-relativistic [14] (Eq. (18)) constituent quark models, respectively. Table 2 . Branching ratios for the semi-leptonic decays of the B-meson (see Eq. (59)). Case A: phenomenological wave function (10) . Cases B and C: LF wave functions derived from the relativized [13] and non-relativistic [14] constituent quark models, respectively. The row labeled Σ correspond to the total semi-leptonic branching ratio calculated for each final lepton pair. Table 3 . Branching ratios for the non-leptonic decays of the B-meson corresponding to the external transition W − →ūd. The notations are the same as in Table 2 . Table 4 . The same as in Table 3 , but for the W − →cs transition. Table 5 . Branching ratios for the internal non-leptonic decays of the B-meson corresponding to the transition W − →ūd. The notations are the same as in Table 2 . Table 6 . The same as in Table 5 , but for the W − →cs transition. Table 7 . Values (in %) of the inclusive branching ratios Br 1 = Br 1 (B →N Λ c + X) and Br 2 = Br 2 (B → Ξ csΛc + X). Table 8 . Summary of the branching ratios for the semi-leptonic and non-leptonic decays of the B-meson. The notations are the same as in Table 2 . 
